Abstract. There is a shortage of convenient, low-cost, wide-range infrared polarizers. Only wire grid devices are available to cover the entire mid-and far-infrared region, several high-cost polarizers being needed to cover the full spectral range, with limited performance. It is shown that a 'pile-of-plates' polarizer suitable for use in Fourier transform infrared spectrophotometers can be constructed from semiconductor grade silicon (resistivity exceeding 10 z2 cm, n-type preferably float-zone silicon) which can be used from about 1.2 &m to above 250 pm. 'Optical grade' silicon is not reliably suitable for use in the far infrared. The polarizer is ideal for use with some lasers (He-Ne 1.52 or 3.39 p m lines, CO, HF. DF and diodes) but it is not suitable for carbon dioxide lasers of significant power.
introduction
The availability of high-quality, wide-wavelength-range polarizers for the infrared (IR) region is very limited. The literature on infrared polarizers is also sparse; Leonard (1981) and Bennett (1995) have provided reviews. In the visible and near-IR regions, three types of polarizer are popular, depending on the use of birefringent materials, dichroic absorbers or multilayer coatings.
Polarizing prisms in a variety of designs (Glan and 50% respectively. The devices have very low power handling capacity and display substantial transmitted wavefront distortion, and owing to the use of organic dyes and polymeric hosts there is no prospect of IR polarizers of broad transparency range much beyond 2 p m being made using these materials. Multilayer polarizing optics systems can be constructed at almost any desired wavelength, and find occasional use in the IR. Unfortunately the restricted range of coating materials and need for thick layers make such coatings costly and good performance is only achieved over a relatively narrow bandwidth. Their use is thus essentially limited to applications involving lasers.
None of the conventional routes to broadband IR polarizers is thus available in the IR beyond about 2 pm, and the only polarizers that are routinely commercially available are 'wire grid' devices. For the very far-IR (hundreds of micrometres) these consist of a fine array of free-standing metallic wires, whilst in the mid IR an array of fine metallic lines photolithographically defined on a suitable IR transparent substrate is used.
The performance of these devices is modest (extinction typically ahout 1% and transmission 70-90% over bandwidths of, for example, 1-9 or 20-1000 p m depending on the substrate and grid spacing). They are extremely delicate and unable to withstand significant optical power, and generally only available with small apertures. A particular disadvantage is their very high cost. Saito et al (1994) have reviewed conventionally fabricated devices and offer a new fabrication method for wire grid polarizers; Green and Bower (1993) give performance limitations in KRSS mounted grids.
In contrast to this limited availability of IR polarizers there is an increasing interest in their use. The widespread availability of Fourier transform IR (FTIR) spectrophotometers with wide wavelength ranges, typically 1.5 to at least 25 ,um even in modest instruments, and excellent signal-to-noise ratio has led to a substantial increase in the use of IR measurements of surface reflection, on polymers, monocrystals and suchlike, requiring polarized light. Such work frequently needs only one polarizer rather than a crossed pair. The ability of the instrument to record a wavelengthdependent background and ratio the signal to it makes wavelength-dependent transmission unimportant, whilst the excellent signal-to-noise ratio allows some beam aperturing without difficulty; in fact many reflective studies aperture the beam. Additionally the sample compartment in commercial Fl'IR instruments is typically larger than that in those of dispersive construction, and the focal ratio (F number) higher. This permits the use of relatively bulky, small-aperture accessories. The primary requirement is thus for a polm'zer of very wide range, ideally covering ai least 1.5-25 p m (6600-400 cm-') in a form compatible with a FTIR spectrophotometer. Very high IR transmission across the range is not critical, provided that an adequate signal-tonoise ratio is maintained.
'Pile-of-plates' polarizers
The 'pile-of-plates' polarizer (de la Provostaye and Desains 1850, Jenkins and White 1976, Longhurst 1967) , utilizing the total transmission of the p-polarized component at Brewster's angle and partial reflection of the s-polarized light, finds relatively little use. In the visible the ready availability of other methods and the low refractive index of optical glasses, which leads to the need for a very large number of plates for reasonable extinction, render the device unattractive.
The principle has occasionally been used in the IR, typically with germanium plates. The high cost
An ultra-wide-range infrared polarizer reason for its limited use. Bennett (1995) has reviewed the literature on 'pile-of-plates' polarizers; IR examples using Se films, AgCl, KRSS (commercial polycrystalline thallium bromo-iodide), ZnS, ZnSe, Ge and polythene are described. Surprisingly, the attractions of silicon are not mentioned. Silicon proves to be an exceptionally useful material for fabricating such a polarizer. It is readily available in sizes as large as 8 in diameter as wafers polished on both sides, at very low cost. Smaller wafers (4 in) are typically 350 pm thick and, although silicon possesses weak multi-phonon bands in the mid IR for this thickness, they are readily tolerable in the FTIR (and many other) applications even though they would not he acceptable for use in carbon dioxide laser beams of significant power. However, at the wavelengths corresponding to the CO, hydrogen halide, 1.3 and 1.55 pm diode, 1.52 and 3.39 pm He-Ne and all optically pumped far IR lasers absorption loss is negligible for appropriately chosen grades of silicon.
The choice of material
Optical grade silicon is generally specified for use in the approximately 1-6 p m region, and typically has a resistivity exceeding 10 S2 cm of unspecified conduction type. Semiconductor grade material in contrast is normally specified in terms of resistivity and n-or p-type nature and as 'float zone' (FZ) or Czochralski-grown (CZ) material. Semiconductor wafers are available with a very wide range of resistivities, to in excess of 1000 S2 cm, but routine low-cost material is of resistivity less than 100 S2 cm, of n-or p-type. The question of the correct choice of semiconductor grade material for this optical application thus arises.
In both optical and semiconductor grade silicon, isolated impurity absorption bands can occur, the most prominent being the oxygen band at 1107 cm-'. This can be very strong in commercial optical grade silicon, of an intensity comparable to that of the (weak) lattice bands in typical CZ silicon, and undetectable in FZ silicon. There is thus some advantage in using the slightly more expensive FZ wafers to construct the polarizer if performance in the 10 p m region is to be optimized; this may also eliminate other weak impurity bands at long wavelengths which vary widely in CZ and optical material.
Absorption arises from a combination of free carrier and lattice effects. Palik (1985) has provided a critical review of the complex refractive index data on silicon, for very high resistivity samples in which free carrier effects are minimized. Free carrier effects can be included by the use of the Drude-Zenner model, giving a complex dielectric constant E as a function of optical frequency:
.. of fabricating a specialist device has been the major Since for resistivities less 100 C2 cm the minority carrier density is negligible, the appropriate hole or electron values for the mobility, p , and effective mass, m* are used for p-and n-type material. We use effective masses m, = 0.256mo and mp = 0.206mo, where mo is the free electron mass, and mobilities pe = 0.135 mz V-l s-'
and pLp = 0.048 m2 V-I s-].The other parameters are E~, the (complex) lattice component of the dielectric constant, e the electron charge, n the carrier density, E,, the permittivity of free space and w the angular frequency of the infrared radiation. The camer density n is easily obtained from the resistivity r since
The real part of the lattice contribution EL is readily modelled from the Sellmeier equation given by Palik (1985) Although a wide range of wafers can be used, clearly n-type material of high resistivity is best; fortuitously this is particularly readily available as the 30-50 S2 cm n-type wafers widely used as CMOS substrates. Figure 3(a) shows the measured absorption spectrum of commonly available 37 S2 cm, 380 p n thick CZ n-type and 1-2 S2 cm, 500 p m thick FZ ptype wafers at near normal incidence. The oxygen band at 1107 cm-' is much less prominent in the FZ wafer, but free canier absorption is much more severe in this lower resistivity, p-type material, which trend is more clearly seen ( figure 3(b) ) in the FIR measurements. It is interesting to note that some 'optical grade' silicon would be totally unsuitable for use in the FIR or even longer wavelength parts of the MIR, in which 10 S2 cm p-type material has strong absorption.
We have presented the theoretical absorption curves in units of reciprocal centimetres, the most useful form for device design, since it permits calculation of the effect of varying wafer thickness. The experimental curves are presented as measured transmission, the form giving the most direct information on achievable performance for typical wafers. The n-type wafer comparison shows, for example, a measured absorption of 9.99 cm-' at the 611 cm-l peak against a model value of 9.52 cm-'. For the p-type wafer at 611 cm-I the measured value of 13.9 cm-' compares with a calculation range of 10.8-12.1 cm-' for 1-2 . Q cm. In the FIR the calculated loss of the n-type wafer is 2.193, and the measured value is about 2%, whilst for p-type we measure 26.6 cm-' and the model gives 26.5-52.9 cm-l for the same resistivity range. In all cases the quoted measured value has been corrected for the near-normal incidence multiple reflection effects. The use of n-type material will also suppress any weak intervalence band absorptions in silicon for which we have not accounted in these calculations: these are Calculation of the variation of the real part of the dielectric constant shows that, for a chosen material acceptable on absorption grounds, the effect on the refractive index is about 0.01 absolute (in about 3.4). Even in the FIR the effect of this, and the small imaginary part, on the Brewster angle is negligible.
Use in collimated beams
The geometrical considerations for 'pile-of-plates' polarizers were considered long ago (Bird and Shurcliff 1959, Conn and Eaton 1954 and references therein). Bird and Shurcliff (1959) considered a pile of 'thick' plates of AgCl, Conn and Eaton (1954) a pile of very thin (about 3 Fin) films, for which interference effects dominate. A polarizer using silicon wafers is an intermediate design with wide spacers and plates a few hundred micrometres thick. These authors give general equations and derivations relevant to this design of polarizer, and we limit the discussion here to those aspects specific to the silicon wafer design.
The refractive index of silicon is well established and dispersion relationships have been reviewed by Palik (1985) . Dispersion is exceptionally low, with n = 3.453 at 2 p m (5000 cm-') falling only to 3.418 at 500 pm (20 cm-'). The Brewster angle is given by Ss = arctan(n) (3) giving 6~ = 73.7" for a design wavelength of 10 p m~
The tolerance for 1% p-plane loss in collimated beam applications is f3.04-3.8". and even for a 0.1% loss, the by about 4 cm-I, so that, for resolutions exceeding 4 cm-' (as is usual in most room temperature solid or liquid phase spectroscopy), no fringes will be seen. In general, slight thickness and angle tolerances tend to cause phase-shifts in the fringes from the various plates, reducing the contrast of the overall fringe pattern and any small wedge angle has a similar effect. The pplane fringe pattern, with the same spacing, only arises from weak reflections due to alignment tolerances and dispersion. No fringing effects were noted in either plane in practice. Conn and Eaton (1954) discuss these effects in detail, for the case of very thin films when the effect is dominant.
The off-set between beams multiply reflected in the air gap between the plates is ) or, again for silicon at 10 p m design wavelength, H = 0.54d. For a reasonably sized device, if we choose d = 10 mm the off-set is 5.4 mm. In a typical FTIR instrument the maximum beam size in the sample compartment is typically 8-10 mm diameter, but is often reduced by internal stops within the instrument. The first externally reflected beam only may thus he partially returned to the signal path when operating at full aperture, but for apertures of about 6 mm multiple reflection can be ignored.
Hence the overall performance of the polarizer is best represented in this application by using equation (8) (including internal multiple reflections) to calculate the s-plane transmission for each plate, and, assuming identical plates, simply using tm, raised to the power of the number of plates (namely, excluding external multiple reflections). In some cases, further improvement in performance could be achieved by deliberately exploiting the wide angular tolerance towards p-plane transmission and deliberately misaligning the multiple plates by 1"-2", depending on the acceptable p-plane loss. This will cause the multiply extemally reflected beams to emerge mis-aligned with respect to the main beam by 2nAO where n is the order of multiple reflection and A6 the mis-alignment.
The calculated s-plane transmission for three-and four-plate devices mounted at 73.7" lies in the range 0.44449% from 1.5-250 fim. For perfect alignment the calculated p-plane reflection loss is less than 0.04% across the entire wavelength range for the threeplate device, whilst with a 1" alignment tolerance the reflection loss is less than 0.6%. tolerance band is +1.03, -1.1". rendering constructional tolerances very easy to meet.
In a multiple-plate polarizer the p-plane transmission is essentially the single-surface transmission raised to the power of the number of surfaces, since multiple reflection effects are negligible. Thus, with realistic alignment tolerances of f l " , we can expect a three plate device to give reflection loss well below I%, and losses will be dominated by residual absorption and aperturing.
The s-plane reflectivity of a single surface is given by the appropriate Fresnel formula:
where 6, is the internal propagation angle in the plate such that sin 6,
8, = arcsin ( T)
For silicon at 10 @m r, = 71%, so that, to a first approximation, a single two-surface plate might be expected to gain an s-plane transmission of
and a three-plate device only ts = 6 x Unfortunately equation (6) 
where T is the plate thickness. Again, for silicon at 10 p m we have h = 0.88T. Using plates of 350 p n standard silicon, the off-set is thus 310 p n , which is much smaller than the beam diameter in a typical FTIR. The multiple reflections within the plate are returned to the beam and instead of using (6) for the transmission of a single plate, the intemal reflections must be summed, yielding or, for a single plate, tm, = 17%, just over twice the value of ts.
These values apply for incoherent addition of the multiply reflected beams. For a 350 p n thick plate the fringes in the transmitted s-plane light will be separated
Use in convergent beams
None of the previous publications on 'pile-of-plates' polarizers has considered the effects of their use in convergent/divergent beams.
Since r, and rp are functions of the angle of incidence (but independent of the angle in the plane normal to that of incidence) a convergent beam 'sees' averaged values of r, and rp depending on the distribution of power in angle space. We have conducted numerical calculations for the idealized case of a uniformly filled lens of given F number. In a real situation the results would depend in detail on the source intensity distribution, which in a FTm instrument may include interchangeable tungsten halogen, glow-bar and high-pressure mercury lamps for near, mid and far IR respectively, having widely varying intensity distributions. Additionally, the optical system uses many off-axis and non-spherical systems, and the distribution is changed by the use of variable B and J stops. Hence we do not present detailed numerical results from our calculations, but only general conclusions.
For F numbers greater than about 8 the effect on r, and rp is essentially negligible, since the entire range of angle-of-incidence values lies within the angular tolerance range quoted in the previous section. As the F number drops, the effect remains surprisingly small, with a very slow rise in average rp but very little change in r, since increases at larger angles are compensated to first order by falls at small angles. The effects can be neglected for most practical purposes down to about F = 3, below which it would be advisable to conduct specific calculations for the system of interest if very accurate predictions are needed. Again, in practice, multiple reflection effects are probably more important even at this F number, and would need to be modelled for the specific geometry.
A further effect is the introduction of some astigmatism into the beam. In imaging applications it will generally be unacceptable unless compensated. In FTIR spectrophotometers the effect depends on the ratio of the size of the detector element to the image size, which in tum depends on instrument stop settings. In cases in which the image size and detector are closely matched it will contribute a further small, wavelengthindependent loss to both r, and rp.
Construction
A pair of identical three-plate polarizers was constructed from rectangular plates 350 Mm x 15 mm x 50 mm cut from a 37 0 cm, n-type double-side polished Czochralski-grown silicon wafer. The cost of a single 4 in wafer, from which several polarizers can be made, is negligible. The plates were mounted in slots milled at 73.7" to the axis of a split tube PTFE mounting bush with a 12 mm diameter bore, which was retained in a 25 mm outside diameter by 80 mm long aluminium sleeve. The assembly proved rugged and convenient to use, and survived being dropped. Interferometric comparison of the as-cut silicon rectangles with an optical flat showed them to he flat to within typically two or three visible fringes, the irregularity being mostly in the form of a concave-convex 'bow'. This would result in diffractionlimited performance across much of the IR region.
Results
Collimated beam measurements, in which inter-plate reflections are rejected, were made with a 1 mW 3.39 pm linearly polarized He-Ne laser. At this wavelength the silicon is absorption free. When p-polarized the transmission was 100% to within experimental error. For the s-plane, difficulties were experienced with low signal-to-noise ratio and reproducibility, but irregularities were typically about 0.556, in good agreement with theory.
Measurements were also made in a PE2000 FTIR instrument at 4 cm-I resolution. As expected, the results, taken relative to apertures of the same size, were independent of the choice of B and J stops. For the MIR an optimized KBr beamsplitter and for the FIR a 6 pm film beamsplitter were used, with appropriately windowed pyroelectric detectors.
The instrument beam is quite strongly polarized, and the degree of polarization is wavelength-dependent, probably mainly a result of the beamsplitter's characteristics. Thus the individual polarizer transmissions are not 5096, but the sum of two orthogonal measurements should be 100% with the polarizers parallel.
Figures 5(u) and ( b ) show the measured MIR and FIR transmissions with the polarization parallel and perpendicular to the machine's base. In the MIR in the absorption-free region the two polarizations sum to 100% within experimental error. In the FIR the sum is lower, typically 65%. The reason for this is not entirely clear, but probably arises from machine geometry considerations (larger spot size relative to the detector, etc) rather than from the polarizer loss. Figures 6(u) and (b) show the 'crossed' performance in the MIR and FIR. Transmission in the absorption-free regions averages 0.55%, slightly above the theoretical value, due to partial capture of inter-plate reflections. In the FIR there is a slow rise from 0.5% at 500 cm-' to about 2% at 100 cm-'. This is probably due to multiple reflections in the metal mounting bush and possibly the PTFE becoming partially transparent. Improved baffling and absorbers would improve performance in this spectral region.
Some brief experiments showed that, whilst the crossed transmission was independent of the B and J instrument stops, the introduction of an additional aperture, typically 23.5 mm, into the machine detector compartment prior to the detector focusing mirror produced some reduction in the 'crossed' transmission relative to parallel. This aperture helps to reject multiply reflected beams. As performance without it was adequate for our purposes, this was not pursued.
Conclusions
The 'pile-of-plates' polarizer is a very old design which is currently little used. We have shown that the low dispersion, wide infrared transparency range and ready availability at low cost of high-resistivity n-type silicon wafers make them uniquely suitable for use in such a device. The only significant disadvantage of the device is that it is relatively bulky, with a length-to-aperture ratio of 3.4. It is particularly well suited to use in FTIR instruments, in which it can effectively cover the wavelength range from the very near IR about 1.2 pm, to the extreme FIR, several hundred micrometres and beyond. Its performance is comparable to or better than that of a typical wire grid device of much higher cost, and several grid devices would be needed to cover the same wavelength range with comparable performance. 
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